The number of negatively charged nitrogen-vacancy centers ͑N-V͒ − in fluorescent nanodiamond ͑FND͒ has been determined by photon correlation spectroscopy and Monte Carlo simulations at the single particle level. By taking account of the random dipole orientation of the multiple ͑N-V͒ − fluorophores and simulating the probability distribution of their effective numbers ͑N e ͒, we found that the actual number ͑N a ͒ of the fluorophores is in linear correlation with N e , with correction factors of 1.8 and 1.2 in measurements using linearly and circularly polarized lights, respectively. We determined N a =8Ϯ 1 for 28 nm FND particles prepared by 3 MeV proton irradiation. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3067867͔ Fluorescent nanodiamond ͑FND͒ offers great potential for use as a novel diagnostic agent in biomedicine 1-5 because it is biocompatible, nontoxic, and shows no sign of photobleaching and photoblinking. The negatively charged nitrogen-vacancy defect center ͑N-V͒ − is an active component of FNDs produced by radiation damage and thermal annealing of type Ib diamond nanocrystallites. The center absorbs strongly at 560 nm ͑with an absorption cross section close to 4 ϫ 10 −17 cm 2 / molecule͒ 6 and emits fluorescence efficiently from red to the near infrared region ͑with a quantum yield close to 1͒.
Fluorescent nanodiamond ͑FND͒ offers great potential for use as a novel diagnostic agent in biomedicine [1] [2] [3] [4] [5] because it is biocompatible, nontoxic, and shows no sign of photobleaching and photoblinking. The negatively charged nitrogen-vacancy defect center ͑N-V͒ − is an active component of FNDs produced by radiation damage and thermal annealing of type Ib diamond nanocrystallites. The center absorbs strongly at 560 nm ͑with an absorption cross section close to 4 ϫ 10 −17 cm 2 / molecule͒ 6 and emits fluorescence efficiently from red to the near infrared region ͑with a quantum yield close to 1͒. 7 As the brightness of the FND depends on the number of the color centers it possesses, increasing the content of ͑N-V͒ − in each particle is highly desirable in view of the biological imaging application of this nanomaterial. This raises an interesting question: What is the highest possible number of the ͑N-V͒ − centers that a single, say, 10 nm diamond particle can accommodate? Conventionally, the concentration of ͑N-V͒ − in a bulk diamond sample is estimated by direct absorption spectroscopy. 6, 8 However, the technique is not sensitive enough to detect ͑N-V͒ − in a single FND particle. Developing a method to accurately determine this number is thus essential and important.
This letter reports the development of a comprehensive approach based on photon correlation spectroscopy to quantify the number of multiple ͑N-V͒ − centers in FND. Previous studies [9] [10] [11] have shown that the photons emitted from diamond nanoparticles containing single ͑N-V͒ − centers exhibit antibunching behaviors and these particles are useful as single photon sources for quantum cryptography. The discussion about the antibunching behavior of multiple ͑N-V͒ − centers in diamond, however, has been rare in the literature. 5, 12 This is because, in the latter case, the data analysis is hampered by the complexity that the transition dipoles of the ͑N-V͒ − centers in each FND particle are randomly oriented in space and therefore heterogeneously excited. The photon antibunching observed does not reflect directly the actual number of the fluorophores in the particle. The deviation becomes more pronounced as the number of the ͑N-V͒ − centers increases. In this study, we measure the temporal separation between consecutive photons from a single FND particle excited by linearly and circularly polarized lights, respectively, and obtain the histogram of the effective numbers of the ͑N-V͒ − centers in individual particles. By assuming random dipole orientation of the ͑N-V͒ − centers and applying a Monte Carlo method to simulate the probability distribution of the effective number, information about the actual number of these centers in FND is deduced by comparing simulation and measurement.
The number of ͑N-V͒ − centers present in the individual FND particle is determined by photon correlation spectroscopy.
13 For a simple two-level quantum system, which can emit only one photon at a time, the probability of emitting two consecutive photons gradually drops to zero as the time lag between them decreases. Such an antibunching dip is commonly manifested at the zero lag time of the normalized second order correlation function of the fluorescence signalg ͑2͒ ͑t͒ = ͗I͑t 0 ͒I͑t 0 + t͒͘ / ͗I͑t͒͘ 2 , where t is the interphoton time, I͑t 0 ͒ is the fluorescence intensity at the initial time t 0 , and the bracket denotes the average over the detection time interval. In a system with N independent and identical emitters, the normalized second order correlation function can be rewritten as
where =1/ ͑k 1 + k 2 ͒, k 1 is the excitation rate, and k 2 is the spontaneous emission rate of the excited state. Equation ͑1͒, however, cannot be applied to the photon correlation measurement of FND because the particle contains multiple ͑N-V͒ − centers whose dipoles are randomly oriented in space and the excitation process is heterogeneous.
To develop a more general theoretical treatment for dipoles with the heterogeneous effect, we consider a dipole with the orientation of = ͑cos e , sin e , 0͒, as illustrated in Fig. 1 . The intensity of the fluorescence resulting from the photoexcitation with either linearly or circularly polarized light, I i,l or I i,c , can be written as
Since each emitter has its own characteristic I i,l and I i,c , Eq. ͑1͒ is generalized to
where I i = I i,l or I i,c and N a is the actual number of the emitters in the particle. The effective number ͑N e ͒ of the randomly oriented emitters as measured in experiment is then given as
͑5͒
We first compute N e for the ͑N-V͒ − centers in FND with Monte Carlo simulations at various N a . In this simulation, we assume that the dipole orientation of the ͑N-V͒ − center is random in three dimensions and the probability of its orientation per unit solid angle is uniform. The simulation for the probability distribution of N e readily yields convergence when 20 different FND particles are sampled.
14 Figure 2 displays the probability distributions of N e simulated with 5000 particles for measurements in both linear and circular polarizations. It shows that the average number of N e,l is always smaller than the corresponding N e,c at each N a . In Fig. 3 , we plot the correlation between the average effective number ͗N e ͘ and the actual number N a , with the error bar indicating the standard deviation of the simulated probability distribution in Fig. 2 . As revealed by the figure, both the average effective numbers, ͗N e,l ͘ and ͗N e,c ͘, under linearly and circularly polarized excitations are linearly proportional to N a in a form of N a = 1.8͗N e,l ͘ and 1.2͗N e,c ͘. The uncertainty in the determination of N a due to the random orientation of the dipoles is about Ϯ1 emitter when N a Ͻ 10.
Experimentally, we measure the number of ͑N-V͒ − centers in FND particles with a mean size of 28 nm. These FNDs are prepared by irradiation with a 3 MeV proton beam, followed by vacuum annealing at 800°C, as described in detail previously. 1, 3 Photon correlation spectroscopy measurements were conducted for the 28 nm FND particles spin coated on a coverglass slide with a density of ϳ5 particles per 20ϫ 20 m 2 . They were illuminated by a cw frequencydoubled neodymium doped yttrium aluminum garnet laser ͑ = 532 nm, 700 W; JL-LD532-GTE͒ focused onto the specimen by an oil immersion objective ͑100ϫ, NA= 1.3; Nikon E600͒. A quarter waveplate inserted in the optical path switched the laser excitation from linear to circular polarization and vice versa. Laser-induced fluorescence was collected by the same microscope objective, separated by a 50/50 beam splitter, and focused, respectively, onto two avalanche photodiodes ͑PerkinElmer, SPCM-AQR-15-FC͒, which produced start and stop signals for time-correlated single photon counting ͑Becker & Hickl GmbH, SPC-600͒. Background subtraction 10 was applied to the second order correlation signals and the time coincidence range was limited to 0-100 ns.
The inset in Fig. 4 shows typical second order correlation functions of the fluorescent signal from the same single 28 nm FND particle excited with linearly and circularly polarized lights. The antibunching dip, whose depth is inversely proportional to N e , is deeper under linear polarization excitation than under circular polarization excitation. It suggests that the effective number N e,l is smaller than the corresponding N e,c , a result consistent with the simulation shown in Fig. 3 for the FND. We recorded the correlation functions for 42 FND particles and determined that ͗N e,l ͘ and ͗N e,c ͘ are 4.8 and 6.3, respectively. Both of the average effective numbers infer that the actual number of the ͑N-V͒ − centers in a single 28 nm FND particle is about eight ͑cf. Fig. 3͒ . A more detailed comparison between experimental and simulated histograms of N e in both polarizations is depicted in Fig. 4 . To obtain a quantitative measure of N a , we applied a weighted linear combination of the simulated distributions with 7, 8, and 9 centers ͑8 Ϯ 1 centers͒ to find the best matches with the experimental histograms. From least-squares fittings of the experimental data, a weighting factor of more than 90% is determined for the simulated distribution of 8 ͑N-V͒ − centers in the circular polarization case, while it is 80% in the linear polarization case. We are led to the conclusion that on average there are 8 Ϯ 1 ͑N-V͒ − centers within a single 28 nm FND particle prepared by the 3 MeV proton beam irradiation.
It should be noted that the method developed in this work is not limited to the determination of the number of ͑N-V͒ − centers in diamond only; it is applicable to other nanoparticles and molecular complexes containing multiple and randomly oriented dipoles as well. 13, 15 As shown in Fig.  3 , the deviation between the effective and the actual numbers becomes pronounced as the number of the emitters increases. For the 28 nm FND particles as studied herein, the number of the ͑N-V͒ − centers is corrected from 4.8 to 8 in linear polarization measurements. Even when the measurement is conducted with circularly polarized light, the deviation due to the random dipole orientation is still as high as ϳ20%. Such a large deviation, clearly, cannot be neglected if a precise measure of the number of the fluorophores is to be obtained.
To summarize, we have quantified the numbers of ͑N-V͒ − centers in individual FND particles by photon correlation measurements in combination with Monte Carlo simulations. We take into account of the random dipole orientation of these fluorophores and obtain a relationship between the effective number and the actual number of the fluorophores, from which we conclude that a single FND particle with an average size of 28 nm can contain up to 8 ͑N-V͒ − centers. This number of color centers translates to a concentration of 4 ppm, which is about a factor of 25 lower than the typical concentration ͑ϳ100 ppm͒ of nitrogen in type Ib diamond. It suggests that there is still plenty of room for further improvement of the brightness of FNDs by properly optimizing the sample preparation conditions. This work was supported by the National Science Council, Taiwan with Grant Nos. NSC 96-2628-E-001-006-MY2 and NSC 96-2120-M-001-008. We thank Professor J. D. White for useful suggestions. FIG. 4 . ͑Color online͒ Comparison of experimental ͑bars͒ and simulated ͑line-dots͒ histograms for single 28 nm FND particles excited by linearly ͑patterned͒ and circularly ͑filled͒ polarized lights. Inset: typical photon correlation measurements for a single 28 nm FND particle at two different polarizations.
